INTRODUCTION
Silylenes are important intermediates in silicon hydride and organosilicon chemistry. [1] [2] [3] [4] [5] Their characteristic reactions include insertions into Si-H, Si-OR and O-H bonds and π-type additions across C=C and C≡C bonds. Many of the fine details of the mechanisms of these reactions have been revealed by time-resolved kinetic studies employing direct monitoring of silylenes. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] In recent times, much attention has been devoted to the preparation and properties of large silylenes, stabilised either by bulky substituents, or by being built into N-heterocyclic rings or with N-heterocyclic adducts. [17] [18] [19] [20] [21] Nevertheless there still remains a need to uncover further details of the behaviour of the smaller, more reactive silylenes to establish a reactivity baseline.
In our laboratories we have undertaken gas-phase studies of the prototype silylene, SiH 2 . [6] [7] [8] These investigations have shown, inter alia, that it reacts rapidly with many chemical species at close to collision rates. Amongst these are the reactions of SiH 2 with propene and isobutene 22 (π-type additions which form siliranes) and with cyclic ethers which proceed via the intermediacy of donor acceptor complexes with zwitterionic character. 23 Both types of reaction show pressure-dependent second order kinetics consistent with third-body assisted association mechanisms. Both have been modelled by Rice-Ramsperger-Kassel-Marcus (RRKM) theory 24 which not only fitted the pressure dependences but also revealed the magnitudes of the association (binding) enthalpies. In the case of the reactions of SiH 2 with C 3 H 6 and i-C 4 H 8 22 these were 176 and 165 kJ mol -1 respectively, values closely matched by quantum chemical (G2) calculations. In the case of the reaction of SiH 2 with cyclo-C 4 H 8 O (tetrahydrofuran) 23 this was 92 kJ mol -1 which was in good agreement with G3 calculations. At the present time, experiments of this kind remain the only available approach for checking and verifying theoretical values for these energies. 4 Because many potential substrates for silylene reactions contain more than one site of reactivity, we thought it would be valuable to investigate the reaction of SiH 2 with such a species. The reason for such a study is to discover whether reaction rates at each site turn out to be additive. For this purpose we chose 2,5-dihydrofuran, a molecule containing both a π-bond and an O-donor site. This also has the advantage that it closely resembles the model reactions which we have already investigated. 22, 23 This particular reaction has not been previously studied, either experimentally or theoretically.
EXPERIMENTAL SECTION
Equipment, Chemicals and Method. The apparatus and equipment for these studies have been described in detail previously. 25 Only essential and brief details are therefore included here. are performed to arrive at a total energy for a given molecular species. The first stage is calculation of an equilibrium geometry structure. This is then used for a series of single point energy calculations at higher levels of theory which are combined in an additive manner to give the final result.
Structures were initially optimized at the HF/6-31G(d) level which was used to obtain frequencies and thereby zero point energies (following correction by the factor 0.8929). Structures were then refined at the MP2=Full/6-31G(d) level. This level has been found to give the best compromise between accuracy and computational requirements (cpu times). 27 Stable structures, corresponding to energy minima, were identified by possessing no negative eigenvalues of the Hessian matrix, whilst transition states were identified by having one and only one negative eigenvalue. The Cartesian co-ordinates of all stable minima and transition states are given in the supporting information.
To reach final energies, values at MP2=Full/6-31G(d) geometry were corrected additively by four single point energy determinations, viz: QCISD(T)/6-31G(d), MP4/6-31+G(d), MP4/6-31G(2df,p) and MP2=full/G3large, and the values were combined according to the G3 procedure. 27 This applies equally to stable species as to transition states. The only procedural difference for transition states was the requirement to refine to structures with a single energy maximum. This occasionally caused problems when the transition state structure was less easy to visualise. In such cases, the problem was solved by modifying the initial structure. Figure 3 , using log-log scales for convenience. As can be seen the rate coefficients show significant pressure dependence.
This has been modelled by RRKM theory 24 (see later) and the fits shown are the best obtained. The values for the high pressure limiting rate coefficients, also shown in Table 1 , have additional uncertainties related to this fitting and are necessarily greater than those at 10 Torr. column at 323 K). Under these conditions no major chromatographic peak eluting between 2,5-DHF itself and benzene (decomposition product of PhSiH 3 ) was observed. Small amounts of 1,3-butadiene were detected, but a blank run with 2,5-DHF alone formed similar small amounts of 1,3-butadiene and we conclude that there is no evidence for significant butadiene formation as a product of SiH 2 + 2,5-DHF at 296 K. This suggests that stable end products were not formed in this reaction, at least not at room temperature.
The total extent of decomposition of 2,5-DHF in the blank ran was ca 0.5% per laser shot. Table 2 . The analysis that follows is largely framed in terms of enthalpy surfaces, because they are virtually independent of temperature.
The minima and transition states linking these species are shown on the PESs in it is hardly surprising that they have high barriers. Subsequent to this 30, 32 we have discovered two other low barrier and therefore potentially energetically viable reaction pathways for decomposition of 3-oxa-6-sila-bicyclo[3,1,0]hexane, details of which are given in the supporting information.
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For the O-adduct pathway, via the 2,5-DHF··SiH 2 complex, we have identified two potential pathways for further reaction, shown in Figure 5 . The first involves a ring expansion via TS3 to form 2-sila-3,6-dihydropyran, requiring an insertion of the SiH 2 group into a C-O of the DHF ring. However this channel has to surmount a barrier of 54 kJ mol -1 relative to reactants, and is therefore unviable. The second pathway involves a decomposition via TS4 (-67 kJ mol -1 ) requiring the breaking of both C-O bonds and the extrusion of silanone (H 2 Si=O). From the structure of TS4 it appears that the breaking of the first C-O bond is rate determining. However the important point is that the low enthalpy value makes this a viable possibility. The same conclusion may be reached in free energy terms (Table 2 ). Furthermore this does not alter significantly with temperature. 33 The structure of TS4, with one C-O bond largely intact, led us to think that there might be a related pathway (from TS4) leading to 2-sila-3,6-dihydropyran by ring closure by means of Si-C bond formation. However despite searching numerous structures closely related to TS4, no such new transition state or pathway could be found.
Although they do not appear to be part of the mechanism of this reaction, we have included in Figure 5 several other species and pathways, all of which lie lower in enthalpy than the reactants. These all involve rearrangements of 2-sila-3,6-dihydropyran and would become viable if the latter could be formed by a pathway undetected by us. The step with the lowest enthalpy barrier, is a retro Diels-Alder reaction leading directly to butadiene + silanone, via TS5 (-208 kJ mol -1 shown. Of course these last three steps, even if they did occur, would be highly reversible, since they are endothermic relative to 2-sila-3,6-dihydropyran.
For reference purposes we have also carried out G3 calculations on the reactions of SiH 2 with dimethyl ether (Me 2 O). The results of these calculations are given in Table 13 and the potential energy surface for C 2 H 8 SiO (SiH 2 + Me 2 O) is shown in Figure 7 . These are considered further in the discussion section. Further G3 calculations on the reference reaction of SiH 2 with cis-but-2-ene are included in the supporting information. 
Scheme 1
The two principal uncertainties in modelling this scheme were the relative proportions of addition occurring via the π-and O-complexes and the extent of reaction 13 (if any) to form butadiene and silanone. Before beginning more precise calculations on the present system, we proceeded empirically by dividing up the overall process (rate coefficients) into contributions from each pathway according to the model reactions ). This value for SF 6 has been found to be the most appropriate, ie to give the best fits to experimental data in earlier studies, which included tests with other inert collider gases. 25, 35 Further details of the calculations are considered below.
At this point two ways of modelling the system were considered. Both methods Figure 3 shows the best fits we were able to obtain, using Table 3 ). The results of these calculations are not shown here, but details can be found in the supporting information. No further RRKM calculations were attempted. The results are further commented on in the discussion.
DISCUSSION
General comments and rate coefficient comparisons. The question posed at the outset was whether these studies can show that the reactivities of silylene at each reaction site are additive. Examination of Table 3 shows that Tables 11 and 12 and also Figure 7 (see also supporting information). In Table 11 the results for calculations of ΔH o for formation of O-donor complexes are compared. For the reactions studied 23,59-62 these fall in the range, -62 to -99 kJ mol -1 , although not all calculations are at the same level.
For the most structurally similar reaction, SiH 2 + THF, the value of -94 kJ mol -1 differs by only 10 kJ mol -1 from that for the present system. The G3 value for SiH 2 + 2,5-DHF is also close to that (expt) derived from the RRKM calculations. In Table 12 although, interestingly only by 6 kJ mol -1 from that of the anti-form. Although the differences are not large, they reinforce the idea that silirane ring stabilities are particularly sensitive to substituent effects. 22 The G3 ΔH o values for both π-adducts of SiH 2 + 2,5-DHF are somewhat higher than that (expt) derived from the RRKM calculations. It is possible that the experimental value is affected by the existence of another pathway (see supporting information). Figure 7 shows the PE surface for the reference reaction of SiH 2 + Me 2 O, the data for which are given Table 13 . When compared with the enthalpies of Figure 5 , a 20 number of similarities are apparent. As well as the O-donor complex enthalpy mentioned above, the SiH 2 insertion product, methyl methoxy-silane, MeOSiH 2 Me, lies in a deep ΔH o well of similar magnitude to that of siladihydropyran relative to reactants, although the barrier to its formation, TS1r, is slightly higher than TS3. Silylene extrusion (reverse insertion) from MeOSiH 2 Me to form MeOSiH + CH 4 , is also very close in overall ΔH o to that of the analogous process from siladihydropyran, although, again, the barrier, TS2r, is higher than either TS7 or TS8a. The lower barriers of these processes on the SiH 2 + 2,5-DHF surface probably reflect the fact that the key bonds involved are weakened by allylic stabilisation. Lastly, in Figure 7 , the dissociation of RRKM calculations and the mechanism. The method of fitting the pressure dependence used in this work was dictated by the two channel nature of this reaction, and the uncertainties were such that an empirical approach had to be adopted. In reality the resulting fit of the combined RRKM calculations for each pathway to the experimental pressure dependence curves shown in Figure 3 is fairly reasonable. The unavoidable restrictions imposed by the calculations, were (i) that k(O) was much more pressure dependent than k(π), and (ii) that k(π) contributions must increase as temperature increases. The first point is illustrated by the relative contributions shown in Figure 7 .
The second point means that k(O) at 598 K makes no contribution at all (unless it is 21 artificially boosted by an order of magnitude). To match the experimental curvature at 598 K could only be achieved by setting the value of E o (π) to the fairly low figure of 148 kJ mol -1 . Within these restrictions, adjustment of the k ∞ values under the limitation of keeping as close as possible to the previously derived totals, gave the fits shown in Figure 3 . Even with this, a fit to the 598 K curve was impossible, and the curvature at 476 K is poorly matched. We suggest that at these higher temperatures, another pathway may be intervening. There are two possibilities. The first is that the O-complex may be partially decomposing to butadiene and silanone, even though this does not occur at 296
K. This is supported by the quantum chemical calculations, which gives a rather low enthalpy barrier for this process. The free energy barrier is also low enough to suggest reaction should occur. The second is that π-adduct (3-oxa-6-sila-bicyclo[3,1,0]hexanesyn) may be partially decomposing via the intermediacy of 3-tetrahydrofuranylsilylene to 2-sila-3,6-dihydropyran (see supporting information). Although this possibility, at first overlooked by us, has a low enthalpy barrier, its free energy barrier is positive suggesting it is unlikely to occur with ease at 296 K. The uncertainties and complexity of the system prevent us, however, from including either of these channels in the modelling. The end-product analysis shows that neither butadiene nor 2-sila-3,6-dihydropyran are formed at 296 K where the RRKM fit is good: this does not, however, rule out their formation at 598 K and 476 K. Despite these problems with the modelling, the resulting values for k ∞ from these fits seem reasonable in magnitude as discussed above. (2) 2135 (2) 1484(2) 1484 (2) 1335(2) 1335 (2) 1225(2) 1225 (2) 1182(2) 1182 (2) 1094(1) 1094 (1) 1032(2) 1032 (2) 1001(1) 1001 (1) 955(1) 1500 (1) 935(1) 935 (1) 908(1) 908 (1) 900(1) 900 (1) 894(1) 894 (1) 875(1) 782 (1) 782(1) 757 (1) 757(1) 667 (1) (2) 2135 (2) 1623(1) 1623 (1) 1484(2) 1484 (2) 1335(2) 1335 (2) 1225(2) 1225 (2) 1182(2) 1182 (2) 1094(1) 1094 (1) 1032(2) 1032 (2) 1001(1) 1001 (1) 942(1) 942 (1) 908(1) 908 (1) 900(1) 900 (1) 894(1) 894 (1) 782(1) 782 (1) 757(1) 757 (1) 725(1) 667 (1) log(P/Torr) Figure 3 . Pressure dependence of second order rate coefficients for SiH 2 + 2,5-DHF at different temperatures/K: ▲ , 296; ○ , 339; n , 404; r , 476; «, 598. Solid lines are RRKM theoretical fits at each temperature.
